The effect of soil-structure interaction (SSI) on the dynamic responses of seismically isolated three-span continuous reinforced concrete (RC) bridge is investigated. Also, tuned mass damper(s) (TMD/s) is/are installed to control undesirable bearing displacement, even under the SSI effect. The TMDs are placed at the midspan of the bridge and each tuned with a modal frequency, while controlling up to first few modes as desirable. The soil surrounding the foundation of pier is modeled by frequency independent coefficients. Dynamic analysis is carried out in time domain using direct integration method. In order to specify the effects of the SSI, the responses of the non-isolated, isolated, and controlled isolated bridge are compared. It is observed that the soil surrounding the pier has significant effects on the bearing displacement of the isolated RC bridges. In addition, it is observed that the seismic responses of isolated RC bridge reduced significantly with installation of the TMDs.
INTRODUCTION
Reinforced concrete (RC) bridges are the most important lifeline structures and their failure as a result of seismic incident seriously obstructs relief and rehabilitation work. There are number of bridges which have collapsed due to the past earthquakes, all over the world. Bridges are especially vulnerable to damage and can easily collapse as a result of earthquake ground motions; this is attributed to their structural simplicity (lesser redundancy) and the fundamental time period. The fundamental time period of vibration of most of the bridges is found to be in the range of 0.2 to 1 sec. From the past earthquakes, it is noted that the predominant time periods had been in this range, thereby it has caused the seismic response of bridges to amplify. The seismic response control achieved in the base-isolated bridge was studied by several researchers such as Jangid (2004) Matsagar and Jangid (2006) , Dicleli (2007) , and Dicleli and Buddaram (2007) . It was commonly found that the base isolation technique has been quite effective in seismic response mitigation of the bridges in reducing the pier base shear.
Earlier, the effectiveness of tuned mass dampers (TMDs) for vibration control of long-span bridges and tall buildings due to wind and earthquake excitations were extensively studied. Optimal linear vibration absorber for linear damped primary system was determined by Randall et al. (1981) using graphical solution. They reported that small offset in tuning of the frequency could result in decreased efficiency of a single TMD. The use of multiple tuned mass dampers (MTMDs) was also studied earlier amply, showing that the MTMDs are more effective than the single TMD (STMD). Daniel et al. (2012) studied the performance of the MTMDs in multi-mode response control of pedestrian bridges. They reported that the MTMDs improved the performance of the pedestrian bridges. Luu et al. (2012) have shown the effectiveness of the MTMDs to control the vibration of bridges caused due to trains moving at high speed. Matin et al. (2014 and reported that the TMDs are the best solution to control the bi-directional response of the concrete bridges subjected to earthquake ground excitations. Debnath et al. (2015) showed that the responses of the truss bridge were significantly reduced by adopting the multi-mode control approach. Later, Miguel et al. (2016) showed the improved performance of robust TMDs in response of bridges. Recently, Pisal and Jangid (2016) reported that placing all the multiple tuned mass friction dampers (MTMFDs) at the mid-span showed better performance as compared to the case wherein the devices are randomly placed along the span of the bridge.
The above mentioned studies, however, ignored the effect of soil-structure interaction (SSI), which is invariably present almost in all situations. Tongaonkar and Jangid (2003) reported that the soil surrounding the pier has significant effects on the response of the base-isolated bridges and under certain circumstances the bearing displacements at abutment locations may be underestimated if the SSI effects are not considered in the response analysis of the bridge system. Their investigation showed that consideration of the SSI in the analysis results in enhancement of safety and reduction in design costs. However, no study is seen yet by the authors wherein the TMDs have been installed in the isolated bridges with due consideration of the SSI effect. Hence, objectives of this study include studying: (i) the placement of the TMDs at mid-span of the RC bridge, and (ii) tuning of the TMDs to higher modal frequencies for seismic response mitigation of the base-isolated concrete bridge (IB) with considering of the SSI. The schemes compared in this study are: (i) installing a single TMD (STMD) on the IB (IB+STMD), (ii) installing two TMDs on the IB (IB+2TMDs), and (iii) installing three TMDs on the IB (IB+3TMDs).
MATHEMATICAL MODELING
In this study, three-span reinforced concrete (RC) bridge is considered as shown in Fig. 1 . The assumptions made in developing the mathematical model are as follows:
1. The isolated bridge controlled with/ without TMDs systems are assumed to remain in elastic range. 2. The isolated bridges with/without TMDs are modeled as a finite element (FE) model divided into a number of small discrete segments (finite elements) and a node connects two adjacent segments together. Degrees of freedom (DoF) at each node are considered to be two and masses of each segment are assumed to be distributed between the two adjacent nodes in the form of point masses. 3. Mass contribution of the non-structural elements such as parapet walls, kerbs, and wearing coat is considered because they produce considerable inertial forces, however their stiffness is neglected. 4. The base-isolated bridge with/without TMDs is subjected to two horizontal (bi-directional) components of the ground motion and the effect of vertical component is not considered because the horizontal and vertical components of an earthquake are generally uncorrelated with it. 5. The soil supporting the pier foundation is modeled as spring and damper acting in the horizontal and rotational directions. Viscous damping is used to simulate the radiation damping in the soil, which is developed through the loss of energy emanating from the foundation in the semi-infinite soil medium as per Tongaonkar and Jangid (2003) . 6. The foundation is represented for all motions using a spring-dashpot-mass model with frequency-independent coefficients. The modeling of the foundation on deformable soil is performed in the same way as that of the structure and is coupled to perform a dynamic SSI analysis as per Tongaonkar and Jangid (2003) . 7. Few selected modal responses are modified in the multi-mode control using the hybrid systems. Fig. 1(a) shows the general elevation of a three-span continuous reinforced concrete (RC) bridge. The stiffness, ki-x and ki-y; damping ci-x and ci-y of a TMD respectively in the longitudinal (N-S) and transverse (E-W) directions are shown in Fig. 1(b) . Fig. 1(c) shows a finite element (FE) model of the base-isolated RC bridge installed with the TMDs, duly considering the flexibilities of both, the bridge deck and piers. The bridge bearings are supported on reinforced concrete piers and rigid abutments. The relative bearing displacement refers to the difference in displacement between the top and bottom cover plates of an isolator. The masses of the TMD are denoted by mi (i = 1 to n) which are all installed at mid-span of the RC bridge. The bridge system has additional degreesof-freedom at the base of the pier due to flexibility of foundation on which the bridge rests, i.e. SSI effects -refer degrees-of-freedom xn and yn in Fig. 1(c) . The above assumptions facilitated the mathematical model of the bridge as shown in Fig. 1(c) . A sufficiently accurate consideration of the soil behavior can be obtained if the soil stiffness and damping coefficients of a circular mass-less foundation on the soil strata are evaluated by the frequency independent expressions (Spyrakos, 1990) . The stiffness and damping coefficients of the soil medium are expressed as follows.
where stiffness of the swaying and rocking springs are represented respectively as Ks and Kr and the damping corresponding dashpots are indicated as Cs and Cr, respectively. G is the soil shear modulus; Vs is the shear wave velocity for soil; a is the radius of circular footing; υ is Poisson's ratio for the soil; H is the depth of the soil stratum overlying a rigid bedrock; and a H H /  . The above expressions are also valid for the limiting case of a large soil stratum, in which the term H diminishes (Tongaonkar and Jangid, 2003) . The equations of motion of the isolated bridge installed with the TMDs, under the two horizontal components of an earthquake ground motion expressed in matrix are, th node of the bridge in the N-S and E-W directions, respectively. The isolation system is considered by the parameters namely: the lateral stiffness (kb) and the damping constant (cb) as shown in Fig. 1(c) . The elastomeric bearings for the above bridges are designed to provide the specified values of two parameters namely, the time period of isolation of the bearings, Tb and the viscous damping ratio, ζb expressed as,
where Md is the mass of the bridge deck; ∑kb is the total stiffness of the bearings; ∑cb is the total viscous damping of the bearings; and ωb = 2π/Tb is the isolation frequency. Earthquake ground motion often excites several vibration modes of the bridges, which may especially lead to increased displacement. Due to this effect, the bridge can be damaged, unseating of deck may occur and it may deem unsafe for riding, which is abruption of the vital lifeline. Therefore, the dynamic response in the first few modes of the isolated bridge can be controlled in both, longitudinal and transverse directions simultaneously, for which the frequency of each TMD can be calculated as,
where the tuning frequency ratios are: 
Then total mass of all the TMDs (mt) is calculated from the known total mass of the bridge deck (Mt) and an assumed total mass ratio μ. The mass ratio defines relative weights of the TMDs as compared to the bridge deck, which can be determined for maximizing the dynamic response reduction achieved. Subsequently, the masses of each TMD unit are calculated as,
The damping ratios (
) of the TMDs are kept the same and the damping (cn,i) of the TMDs are calculated as,
The dynamic properties of the TMDs can be suitably optimized to achieve highest seismic response reduction. Newmark's- step-by-step method of time integration is used to solve the governing equations of motion (Equation 5) for all the cases considered in this study. Combined MATLAB and SAP2000 simulations are used for modeling, verification, and validation of numerical results obtained for the different bridge models used in this study along with the seismic response controllers.
NUMERICAL STUDY
The seismic response control of an isolated three-span continuous reinforced concrete (RC) bridge with piers and a box girder is investigated under bi-directional components of three different real earthquake ground motions. Ribes-Llario et al. (2016) reported that for higher excitation frequency, increased accelerations are induced, which consequently increases pier base shear. Therefore, in this study three earthquakes namely, Imperial Valley, 1940; Northridge, 1994; and Kobe, 1995 are considered with relatively high excitation frequency contents. Imperial Valley, 1940 earthquake was recorded at El Centro station in the USA; Northridge, 1994 earthquake was recorded at Channel station in the USA; and Kobe, 1995 earthquake was recorded at the Japan Meteorological Agency -JMA station in Japan. They respectively have peak ground acceleration (PGA) of 0.21g, 0.58g, and 0.86g in the longitudinal direction; and 0.34g, 0.55g, and 0.82g in the transverse direction, where g denotes the gravitational acceleration. The fast Fourier transform (FFT) of the earthquake ground motions are shown in Fig. 2 . These earthquake ground motions are mostly recoded at the near-fault locations with rocky terrain. Furthermore, they have notably high frequency content as seen in Fig.  2 . The FFT amplitudes corresponding to the higher frequencies may be detrimental to the bridge causing more seismic damage.
The properties of this bridge system are taken from the bridge studied by Tongaonkar and Jangid (2003) . The geometric and material properties of this bridge are given in Table 1 . The structure is assumed to consist of a series of beam elements used to model the bridge deck and bridge piers. The bridge piers are divided in to five nodes which contains ten degrees of freedom in each horizontal direction. In addition, the deck of each span is divided into five nodes. Thus, flexibility of both, the piers and deck has been duly modeled. The total degrees of freedom in each direction are 20. The fundamental periods of the fixed-base RC bridge in both directions are 0.53 sec with damping ratio of 5%. The other subsequent lower modal time periods of the structure in both, longitudinal and transverse directions respectively are: 0.49, 0.25, and 0.15 sec; and 0.47, 0.24, and 0.16 sec. Here, base isolation and tuned mass dampers (TMDs) are used together in the bridges with an objective of reducing their seismic response through the hybrid control. The TMDs designed to control the modal responses of the RC bridge in both the horizontal (longitudinal and transverse) directions. In this work, the single mass of the TMD is considered to be connected to the bridge deck by using two separate springs and dashpots in the two horizontal directions, thereby providing independent design frequencies in each direction. In all cases of the IB, IB+STMD, IB+2TMDs, and IB+3TMDs, the parameters for the isolators are designed by using Equations 6 and 7, where isolation time period is taken as Tb = 2 sec; and damping ratio of ζb = 0.125.
The SSI effect is included to assess the performance of the TMDs. Three types of the soil properties are considered, which are hard soil, medium soil, and soft soil. The shear wave velocity (Vs), shear modulus (G), and other dynamic properties of different types of soil are given in Table 2 , which are taken from the study reported by Tongaonkar and Jangid (2003) . Also, Poisson's ratio (υ) is taken 0.4. The TMDs are designed for the RC bridge with rigid foundation as per their design parameters given in Table 3 . The TMDs are designed with same damping ratio of 5% as of the bridge. The mass ratios (1%) for the different TMD schemes are kept the same for comparisons purpose. The response quantities of the bridge in the longitudinal as well as transverse direction are plotted for the base-isolated RC bridge, controlled with the STMD, 2TMDs placed at the midspans, and 3TMDs placed at the mid-spans. It is to be noted that the STMD, 2TMDs, and 3TMDs are installed in each span of the RC bridge. The modal time periods of the base-isolated bridge while considering the SSI in the longitudinal (N-S) and transverse (E-W) directions for the rigid, hard, medium, and soft soils in the cases studied here are presented in Table 4 .
It is to be noted that the TMDs in IB+2TMDs and IB+3TMDs cases are designed such that the shift in the frequencies in all the three schemes remain insignificant. This criterion is mainly considered for the comparison of the performance of the TMD schemes. Table 4 : Effect of hybrid control systems and SSI on the modal time periods of the bridge structure.
Effectiveness of the TMDs
In this section, the performance of the TMD schemes in dynamic response control of the isolated RC bridge is investigated. The variation of normalized pier base shear, deck acceleration, and isolator displacement in longitudinal and as well transverse directions with varying the soil type under different real earthquake are plotted in Figs. 3 through 6. In addition, the comparisons of the performance of hybrid controller schemes such as IB+STMD, IB+2TMDs, and IB+3TMDs in response control of isolated bridge (IB) are shown. It is observed that the SSI affects the displacements of the bearings. It is noticed from the trends in these figures that in the longitudinal direction (N-S), the peak bearing displacements at the abutment location reduced by 30%, when the effects of the SSI are considered for the isolated bridge (IB).
Also, bearing displacements at the pier location are found to decrease from 0.31 m to 0.22 m, i.e. when the effects of the SSI are considered in the IB case. On the other hand, in the transverse direction (E-W), the peak bearing displacement at the abutment location for the isolated bridge is found to be increased by 20%. In addition, the bearing displacements at the pier location are found to decrease from 0.18 m to 0.16 m, i.e. when the effects of the SSI are considered. Thus, the bearing displacement at the abutment increases, whereas at the pier location it decreases due to the SSI effects. This means that the design bearing displacements at the abutment may be underestimated if the effects of the SSI are ignored for the design of the base-isolated RC bridge. The bearing displacement at the pier location decreased mainly due to the soil flexibility. However, the bearing displacement increased at the abutment location as the relative and absolute displacements are almost the same there. It is therefore, proposed to install the TMDs to improve the performance of the base-isolated bridge duly accounting for the SSI effects. Generally, it is seen that installing the STMD on the base-isolated bridge (IB+STMD) the undesirable bearing displacement tends to reduce both at the abutment and pier locations. However, it is seen that the STMD designed as per the frequency of the bridge with rigid foundation may not show significantly improved seismic performance for the bridge considering the SSI effect. Further, it is noticed that the nTMDs have showed more effectiveness in the response control of the base-isolated bridge. Generally, the responses are considerably reduced as compared to those of the bridge without the TMD, IB, and IB+STMD. It implies that all the TMD schemes are effective in response reduction of the baseisolated RC bridges under the earthquake-induced forces. It is noticed that with increasing flexibility of the foundation, the normalized peak pier base shear and deck acceleration are reduced significantly. Also, the performance of the STMD is observed to be insignificant due to off-tuning (mismatch of frequencies) that occurs due to the SSI effect. It is concluded that the isolator displacement at the abutment location increased significantly in the baseisolated RC bridge by considering the SSI. In addition, significant reduction in the isolator displacement is achieved by installing the TMDs. Further, base shear and deck acceleration reduced significantly in both the directions after installation of the STMD and TMDs. Moreover, the soil type greatly affects the performance of the bridge with the STMD and nTMDs schemes and seismic responses of the bridge with flexible foundation. Hence, the effects of the SSI are important to be considered especially in the bridge structure where TMD(s) is/are intended to be installed for seismic response reduction purpose. It is seen that the post-peak response reduces substantially when the TMDs are installed as compared to the uncontrolled fixed-base bridge or the isolated bridge controlled STMD cases. 
Parameters Affecting the Design of the TMDs
In this section, the detailed parametric studies are conducted to evaluate and compare the seismic performance of different controller schemes explained in the aforementioned sections. The pier base shear normalized by the deck weight, Wd = Md × g, where Md is the mass of the deck and g is the gravitational acceleration, acceleration at mid-span, displacement at pier and abutment are tabulated in Tables 5 through 8. The comparison of the seismic performance of the different controller schemes for the bridge with rigid foundation under the Imperial Valley, 1940; Northridge, 1994; and Kobe, 1995 earthquakes are presented in Table 5 . In addition, the isolator flexibility is increased to verify the effect of variation in the isolator flexibility on the performance of the TMD schemes. It is generally noticed that the TMD schemes are able to control the seismic responses of the isolated bridge. In addition, it is observed that TMDs are more effective in the cases where the isolator flexibility (Tb) is increased. The reduction in the displacement could be enhanced by applying some optimization technique to obtain optimum parameters of the TMD schemes. The design parameters (Table 4) are chosen such that the displacement reduces and at the same time the other seismic responses must not be magnified.
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Responses under Ground Motions
Base-Isolated Bridge with Fixed-Base IB IB+STMD IB+2TMDs IB+3TMDs The selected design parameters facilitated the TMD schemes to reduce the base shear and deck acceleration. Additionally, it is seen that the performance of the multiple TMDs is better as compared to the case of the STMD. It is generally well-established phenomena that the SSI tends to affect the seismic response of the base-isolated bridges. Therefore, Tables 5 through 8 are provided to evaluate the effect of the SSI on the performance of the hybrid systems such as, IB+STMD, IB+2TMDs, and IB+3TMDs.
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Responses under Ground Motions
Base-Isolated Bridge with Fixed-Base IB IB+STMD IB+2TMDs IB+3TMDs In this study, the term robust is used for such cases wherein the seismic effectiveness is reduced relatively insignificantly even when off-tuning occurs due the soil properties. It is found that installing the TMD schemes improved the performance of the base-isolated bridge with and without SSI effect considerations. In addition, it is seen that by changing the properties of the soil from hard
